With the use of retrograde transport of horseradish peroxidase we confirmed the observation of Yamamoto and Shimoyama ([ 19771 Neurosci Lett. 5279-283) that Purkinje cells of the rabbit flocculus projecting to the medial vestibular nucleus are located in two discrete zones, FZIl and FZlv, that alternate with two other Purkinje cell zones, FZI and FZIII, projecting to the superior vestibular nucleus. The retrogradely labeled axons of these Purkinje cells collect in four bundles that occupy the corresponding floccular white matter compartments, FC1-4, that can be delineated with acetylcholinesterase histochemistry (Tan et al. [ 1995al J. Comp. Neurol., this issue). Anterograde tracing from small injections of wheat germ agglutin-hoseradish peroxidase in single Purkinje cell zones of the flocculus showed that Purkinje cell axons of FZrr travel in FC2 to terminate in the medial vestibular nucleus. Purkinje cell axons from FZI and FZIII occupy the FCI and FC3 compartments, respectively, and terminate in the superior vestibular nucleus. Purkinje cell axons from all three compartments pass through the floccular peduncle and dorsal group y. In addition, some fibers from FZI and FZIJ, but not from FZIII, arch through the cerebellar nuclei to join the floccular peduncle more medially. No anterograde tracing experiments were available to determine the projections of the FZ, and C2 zones. The functional implications of these results are discussed. The flocculus plays an important role in the control of eye movements by processing visual and vestibular information (Robinson, 1976; Ito et al., 1982a; Nagao, 1983; Ito, 1984) . Via their projections to the vestibular nuclei, Purkinje cells of the flocculus inhibit certain groups of vestibulo-ocular relay cells (Ito et al., 1970; Baker et al., 1972; Fukuda et al., 1972; Highstein, 1973; Kawaguchi, 1985; Sat0 and Kawasaki, 1987 , 1990a ,b, 1991 Sato et al., 1988) . The projection of the flocculus to the vestibular nuclei has been known since the studies of Dow (1936 Dow ( , 1938a using the Marchi method in rat, cat, and monkey. Recent studies using modern tracing techniques showed that the flocculus sends major projections to the superior (SV) and medial vestibular nucleus ( M V ) , group y, the lateral cerebellar nucleus (LCN), and the basal interstitial nucleus and minor projections to the descending vestibular nucleus (DV) and the nucleus prepositus hypoglossi (Jansen and Brodal, 1940; Voogd, 1964; Angaut and Brodal, 1967; Alley, 1977; Haines, 1977; Yamamoto and Shimoyama, 1977; Balaban et al., 1981; Sat0 et al., 1982a,b; Carpenter and Cowie, 1985; Langer et al., 1985; Epema, 1990) . Some of these studies have indicated that the Purkinje cell population of the flocculus consists of subsets arranged in zones that cross the folia of the flocculus and project to different vestibular nuclei. Yamamoto and Shimoyama (1977) found that the Purkinje cells of the flocculus of the rabbit that project to MV and SV are distributed in a striped pattern. They distinguished two Purkinje cell zones projecting to MV and two zones projecting t o SV. The two zones projecting to MV are interleaved with the two zones projecting to SV; the most rostra1 of these four zones projects to MV.
Indexing terms: cerebellum, corticonuclear projection, Purkinje cell, group y, eye movements (c. lYY5 wiley-Lis. Inc.
The flocculus plays an important role in the control of eye movements by processing visual and vestibular information (Robinson, 1976; Ito et al., 1982a; Nagao, 1983; Ito, 1984) . Via their projections to the vestibular nuclei, Purkinje cells of the flocculus inhibit certain groups of vestibulo-ocular relay cells (Ito et al., 1970; Baker et al., 1972; Fukuda et al., 1972; Highstein, 1973; Kawaguchi, 1985; Sat0 and Kawasaki, 1987 , 1990a ,b, 1991 Sato et al., 1988) . The projection of the flocculus to the vestibular nuclei has been known since the studies of Dow (1936 Dow ( , 1938a using the Marchi method in rat, cat, and monkey. Recent studies using modern tracing techniques showed that the flocculus sends major projections to the superior (SV) and medial vestibular nucleus ( M V ) , group y, the lateral cerebellar nucleus (LCN), and the basal interstitial nucleus and minor projections to the descending vestibular nucleus (DV) and the nucleus prepositus hypoglossi (Jansen and Brodal, 1940; Voogd, 1964; Angaut and Brodal, 1967; Alley, 1977; Haines, 1977; Yamamoto and Shimoyama, 1977; Balaban et al., 1981; Sat0 et al., 1982a,b; Carpenter and Cowie, 1985; Langer et al., 1985; Epema, 1990) . Some of these studies have indicated that the Purkinje cell population of the flocculus consists of subsets arranged in zones that cross the folia of the flocculus and project to different vestibular nuclei. Yamamoto and Shimoyama (1977) found that the Purkinje cells of the flocculus of the rabbit that project to MV and SV are distributed in a striped pattern. They distinguished two Purkinje cell zones projecting to MV and two zones projecting t o SV. The two zones projecting to MV are interleaved with the two zones projecting to SV; the most rostra1 of these four zones projects to MV. Purkinje cells of a fifth zone, located in the caudal flocculus and also extending into folium p, were labeled from injections of horseradish peroxidase (HRP) in the lateral cerebellar nucleus (Yamamoto, 1978) . In her later publications (Yama-moto, 1978 (Yama-moto, , 1979a , the rostral MV zone was no longer mentioned. A single MV zone, flanked by two SV-projecting zones also was distinguished in monkeys (Balaban et al., 1981) . A different pattern of efferent connections was described for the three zones in the flocculus of the cat by Sato et al. (1982a,b) . Their rostral zone projected to SV, the middle zone to MV, and the caudal zone to group y and sparsely to the parvicellular lateral cerebellar nucleus.
Similar zonal patterns were revealed by microstimulation of the rabbit flocculus and recording of the inhibition of specific vestibulo-ocular reflex pathways (Yamamoto, 197913; Ito et al., 1982b) . Local electrical stimulation elicited eye movements (Dufosse et al., 1977; Balaban and Watanabe, 1984; Nagao et al., 1985; Belknap and Noda, 1987; Sat0 and Kawasaki, 1990a, 1991) . In the rabbit, microstimulation in the Purkinje cell layer of the flocculus resulted in horizontal, vertical, and rotatory eye movements located in four zones (Dufosse et al., 1977; Nagao et al., 1985) . An H-zone, in which electrical stimulation elicited horizontal eye movements, was flanked by two V-zones in which stimulation elicited vertical eye movements. This trizonal organization of eye movement control has also been found in cat , 1990a ,b, 1991 Sat0 et al., 1984) and monkey (Balaban and Watanabe, 1984) . In rabbit the zonal organization was complicated by the presence of rotatory eye movements on stimulation of an R-zone, which overlapped large parts of the H-and V-zones ( It0 et al., 1982b . Nagao et al., 1985 . The functional representation of eye movements in zones probably reflects the zonal arrangement in the efferent and afferent (climbing fiber) connections of the Purkinje cells. Precise correlations of the functional and anatomical properties of the floccular zones are hindered by inconsistencies between the different anatomical and physiological studies on the number and extent of the zones, by large individual variations in the number and size of the folia of the flocculus, and by differences in zonal organization between different species.
Recently, a morphological zonation in the rabbit flocculus has been demonstrated using acetylcholinesterase (AChE) histochemistry (Tan et al., 1995a) . AChE-positive raphes subdivide the white matter of the flocculus into five compartments. In a previous study (Tan et al., 1995b) the AChE compartmentation was used as an independent reference to correlate data from experiments on the olivocerebellar projection to the rabbit flocculus. The climbing fibers terminate in five zones, F Z I -~~ and C2, each of which is d. TAN ET AL. associated with a particular white matter compartment (FCI4, Cz). The rostral dorsal cap (rdc) and adjacent ventrolateral outgrowth (vlo) supply climbing fibers to FZI and FZlIl via compartments FC, and FCB, the caudal dorsal cap (cdc) supplies FZII and FZn: via FC2 and FC4 , and the rostral medial accessory olive innervates zone C1 via compartment Cz.
In this study we investigated, with anterograde and retrograde transport methods, the differential projection of Purkinje cells of the floccular zones FZ1-I" to the vestibular and cerebellar nuclei and the relation of their axons to the white matter compartmentation as described by Tan et al. (1989 Tan et al. ( , 1995a . Recently, Purkinje cell axons from identified zones were also traced with biocytin by De Zeeuw et al. (1992, 199413) .
MATERIALS AND METHODS

Retrograde studies
Horseradish peroxidase (33%) dissolved in phosphatebuffered saline was pressure injected within the vestibular nuclei of halothane-anesthetized rabbits with a 1-p1 Hamilton syringe and a 25-gauge needle (Epema, 1990) . Two of these cases will be presented: one with an injection in the SV [case C 253 (0.1 ~l ) ] and one in the MV [C 480 (1.0 ~l ) ] . After a survival time of 2 days the animals were heparinized and transcardially perfused under deep anesthesia with 0.5 liter of saline, followed by 1.5 liters of citrate buffer (0.1 M, pH 7.4) containing 1% formaldehyde and 1.25% glutaraldehyde and subsequently washed with 0.5 liter of citrate buffer (0.1 M, pH 7.4) containing 8% sucrose (Mesulam, 1978) . The brains were removed, embedded in 10% gelatin (Voogd and Feirabend, 1981) , and transversely sectioned at 40 pm. A series containing one of every four sections was incubated with diamonobenzidine (DAB; Graham and Karnovsky, 1966) and counterstained with cresyl violet.
Anterograde studies
Nine pigmented Dutch belted rabbits were anesthetized by an initial intramuscular injection of a mixture of ketamine (32 mgikg), acepromazine (0.32 mgikg), and xylazine (5 mg/kg). Supplements were given every 30-45 minutes (9 mg/kg ketamine, 0.09 mg/kg acepromazine, 2 mgikgxylazine). Small quantities (5-15 nl) of a 7% solution in physiological saline of HRP coupled to wheat germ agglutinin (WGA-HRP, Sigma type VI) were injected into the flocculus with air pressure applied to a micropipette. Processing of the transversely sectioned brains for tetramethylbenzidine (TMB), DAB, and AChE has been described by Tan et al. (1995a,b) .
In some cases (K 301, K 305, K 340, K 355, K 360, and K 370) the injection sites were determined by recording climbing fiber responses of the Purkinje cells to rotating random dot patterns Leonard et al., 1988) . Injection sites are indicated in maps of the unfolded flocculus Fig. 1 ). When the flocculus was unfolded, the length of the Purkinje cell layer in single transverse sections was indicated as a straight line. The sections were aligned using the distance from the midline (MI to the most ventromedial point of the Purkinje cell layer of the flocculus (point B in Fig. 1 ). The distance between the sections (t) corresponds to the true distance between the reconstructed sections multiplied by the magnification factor. The maps of the flocculus are positioned as viewed from the lateral side; the location and extent of the injection sites, the interfolial fissures, and the approximate position of the climbing fiber zones, estimated by extrapolating the AChE raphes to the Purkinje cell layer, were indicated (Figs. 1, 6, 8) .
The labeled fibers in the cerebellum and brainstem were plotted. Their position in the white matter of the flocculus was determined with respect to the borders of the white matter compartments (the raphes) in adjacent AChEstained sections. The subdivision and nomenclature of the vestibular complex used in the present study is according to Epema et al. (1988) and Tan et al. (1995aj. Folia of the flocculus are numbered from ventral to dorsal as fm and fl-f4. The folium of the ventral paraflocculus bordering f4 is called folium p (fp; Yamamoto and Shimoyama, 1977) . The five compartments in the floccular white matter are indicated from lateral to medial as C2 and FCl-l and the corresponding climbing fiber and Purkinje cell zones as C2 and Fz1-1~ (Tan et al., 1995a,b) .
RESULTS
Retrograde experiments
In C 480 the HRP injection involved all parts of the MV and the ventromedial portion of the LV. Retrogradely labeled Purkinje cells are found in all folia of the flocculus. Two distinct zones of Purkinje cells were labeled; the one located rostrally and medially contained few labeled cells (Fig. 2a-c) . The second zone was located more laterally and caudally and remained separated from the rostromedial zone by a band of unlabeled cells. It extended into the rostra1 tip of folium p (Fig. 2a-e) . More caudally, scattered groups of labeled Purkinje cells were present in folium p ( Fig. 2f-j) . Thick, retrogradely labeled Purkinje cell axons could be traced from the labeled Purkinje cells, through the granular layer into the white matter. Labeled collaterals detach from the Purkinje cell axons in the granular layer and constitute a plexus at the level of the labeled Purkinje cell somata. Mossy fibers in the granular layer remained unlabeled, and no signs of anterograde axonal transport of HRP were detected. Each Purkinje cell zone was associated with retrograde labeling in a certain part of the white matter. Labeled axons originating from the medial zone of labeled Purkinje cells were present along the rostromedial border of the flocculus with the brachium pontis 4A: FC4) . More caudally they assembled in a bundle at the ventromedial tip of the flocculus, dorsal to the cochlear nuclei (Fig. 2d,e) . Labeled axons from the lateral zone of labeled Purkinje cells extended from folium p dorsally to folium f2 ventrally (Fig. 2d ). More caudally they collected into a triangular bundle, with its base resting on the cortex of f l (Figs. 2e, 4B: FC2). The topography of the labeled compartments corresponds with the FC4 and FC2 compartments delineated in AChE-incubated tissue sections (Tan et al., 1995a) . In the caudal flocculus the labeled fibers could no longer be distinguished as two separate compartments (Figs. 2f,g, 4C) . The retrogradely labeled axons entered the floccular peduncle in bundles, passing between unlabeled Purkinje cell axons of other compartments. The majority of the labeled fibers could be traced, through the floccular peduncle and group y, to the injection site in the MV nucleus. Some labeled fibers entered the dorsal part of the cochlear nucleus. Other bundles of retrogradely labeled fibers arched through the ventral part of the lateral and anterior interposed cerebellar nuclei (Figs. 2g-i, 4C). Most of thew fibers passed dorsal to the parvicellular part of the lateral nucleus. More medially they turned sharply ventrally to reach the M V through the caudal pole of the SV. A great number of retrogradely filled axons from labeled Purkinje cells in the anterior and posterior vermis passed through the fastigial nucleus and the medial portion of the anterior and posterior interposed nuclei in the direction of the injection site ( Fig. 2f-j ). Mossy fiber labeling was not observed.
In case C 253 the injection site was situated in the SV and LV, touching upon the MV (Fig. 3d-i) . The injection extended into the ventral part of the superior cerebellar peduncle. Purkinje cells, their axons, and the axon collaterals were retrogradely labeled; no signs of anterograde axonal transport of HRP were observed. Retrogradely labeled Purkinje cells in the flocculus were distributed in two wide zones, separated by an empty strip ( Fig. 3b-g ). Purkinje cells located along the rostromedial edge of the flocculus remained unlabeled. Labeling of Purkinje cells of both zones extended into folium p ( Fig. 3c-f ). The labeled Purkinje cells of the two zones gave rise to two bundles of retrogradely filled axons that traveled caudally in the white matter of the flocculus (Pigs. 3b-g). The medial bundle remained separated from the medial border of the flocculus by an empty space, corresponding to FC4, which contained labeled axons in the previous case with an injection of M V . Dorsally in the white matter of folium p the two bundles became fused; ventrally they were separated by a triangular area containing a few labeled fibers and corresponding to the FC2 compartment (Figs. 3d-g, 5 ) . The most lateral parts of the white matter o f folia fl-2 remained free of retrogradely labeled axons ( Fig. 3e-g ). This region corresponds to the C2 compartment. From the caudal flocculus labeled fibers could be traced into the floccular peduncle in bundles, passing between unlabeled fibers o f the floccular white matter. They passed through dorsal group y to reach the injection site in SV (Fig. 6 ) . Other fibers followed a more dorsal route, through the lateral cerebellar nucleus. Their final course was difficult to establish, because thick, retrogradely filled axons of the superior cerebellar peduncle and retrogradely labeled cells dominated the picture of the lateral and interposed nuclei. Purkinje cells of the vermis and their axons were also retrogradely labeled from this injection site.
Anterograde experiments
The cases were grouped according to the white matter compartment in which the labeled fibers were located and The injection site in K 244 is located in f 3 4 and extends more caudally than in the other three cases (Figs. 8C, 9C ). The labeled fibers are located in the lateral half of compartment FC1. No labeled fibers were present in any of the other compartments. Labeled neurons in the inferior olive are almost restricted to the vlo and the rdc (Fig. 14) . In the caudal flocculus fibers in this compartment pass medially. dorsal to compartment FC2, where they subdivide into two fiber streams. One stream curves dorsalward through the lateral cerebellar nucleus, turning medially and caudally along the dorsal border and through the parvicellular lateral cerebellar nucleus. Within the anterior interposed nucleus they turn abruptly ventrally to enter the caudal pole of the SV (Fig. 9e,f) . A few fibers continue along the in the dorsolateral and central parts of SV and in its caudal pole (Fig. 9b-e) . A few can be traced into MV and DV. Retrogradely labeled cells of different sizes are bilaterally present in the SV, the MV, and the nucleus prepositus hypoglossi (PHI. Some retrogradely labeled cells are present caudally in the ipsilateral dorsal group y and in the region caudal and dorsal to the parvicellular lateral cerebellar nucleus. Small, retrogradely labeled cells extend into the roof of the fourth ventricle to the lateral border of the nodulus. A few labeled neurons are present in the contralatera1 group y and the parvicellular lateral cerebellar nucleus.
Similar observations were made in K 355 with an injection site located in f 3 in the center of the estimated FZI zone (Fig. 8D) . The majority of the retrogradely labeled cells in the inferior olive are located in the vlo and rdc (Fig. 14) . Labeled fibers in the cerebellar white matter are mainly located in the medial half of compartment FC1 with a few fibers in FC2.
The injection site in K 360 (Fig. 6C) is situated in FZI, but encroaches upon FZII. Labeled fibers in K 360 (Fig. 7A,B) and K 358 are located in FCI and some in central FC2. The majority of the retrogradely labeled cells in the olive in these cases are located in the vlo and rdc, but a substantial number are found in the cdc. The localization of the injection sites in these two cases in FZI with encroachment upon FZII (Figs. 6C, 8E) is compatible with the projection of the rostral dcivlo and the caudal dc to FZI and FZ11, respectively (Tan et al., 1995b) and the relations of these Purkinje cell zones to their white matter compartments, as established in previous experiments. Labeled fibers could be traced through the floccular peduncle and the lateral and interposed nuclei to be distributed to dorsolateral, central, and caudal parts of the SV and DV, to the region of the M Y bordering on the dorsal acoustic stria, and to more caudal parts of this nucleus. Diffuse labeling was present in the medial part of the cochlear nucleus.
Group 2: lnjections ofzone FZ,, (K 301, K 305, and K 360). In these injections the labeled Purkinje cell axons travel in compartment FC2. In cases K 301 and K 340 retrograde labeling in the contralateral inferior olive prevails in the cdc (Fig. 14) . The caudal pole of the inferior olive in K 305 was not sectioned, but no labeled cells were present in the vlo. ventral to SV, and more caudally they are especially numerous dorsomedial and ventrolateral to the dorsal acoustic stria (Fig. llc-i) . Labeled fibers extend beyond the stria into the caudal MV. Some fibers enter SV. Diffuse labeling is present in the medial part of the dorsal cochlear nucleus (Fig. l l h ) . A few fibers were observed in the nucleus prepositus hypoglossi. Some retrogradely labeled neurons are present bilaterally in all vestibular nuclei, with the exception of LV. Ipsilateral ventral and dorsal group y contains some labeled neurons, and a few labeled neurons are present in the contralateral group y. Identical observations on the course and termination of labeled fibers from the FZII zone were made in cases K 305 and K 340 (Figs. 6A,   8F ). The injection site in K 370 is located in FZIII (Fig. 8) . In K 227 (Fig. 8B ) the injection extended into FZII, and also involvement of F Z I~ cannot be excluded. Labeling in the inferior olive prevails in the vlo and the rdc in K 370. In K 227 retrogradely labeled cells are almost equally distributed over the cdc and the rdc with the vlo (Fig. 14) .
Labeled fibers in K 370 are almost restricted to FC3 (Fig.  7E,F) . In the caudal flocculus these fibers enter the floccular peduncle as a single compact bundle. They ramify among the cells of dorsal group y. Labeled fibers are also present in ventral and caudal parts of the floccular peduncle, and a few fibers travel through ventral group y, bordering on the restiform body (Figs. 12e-g, 13C,D) . Most fibers enter and terminate in the dorsolateral, central, and caudal parts of the SV (Fig. 13A,B) . A few fibers travel through Lowy's bundle, and through DV, toward M V , where they terminate in the region surrounding the acoustic stria and in more caudal parts of this nucleus. A considerable number of labeled fibers appear to terminate in the dorsal cochlear nucleus (Fig. 12g-i) . A few labeled fibers were seen in the PH. Retrogradely labeled cells are present bilaterally in the SV, DV, and MV. The ipsilateral dorsal group y contains some retrogradely labeled cells, and a few are present in ventral group y; more labeling is observed around and caudal to the parvicellular lateral nucleus. A few labeled cells are present in contralateral group y. Small labeled neurons in the roof of the fourth ventricle extend ventral to the cerebellar nuclei, into the white matter of the nodulus (Fig. 12h) . Labeling in case K 227 is a combination of the distributions in groups 2 and 3. Fibers terminate in the SV, MV, and DV.
Conclusions
Retrograde labeling of Purkinje cells from HRP injections in their target nuclei confirmed the localization of MVprojecting cells in two zones that interdigitate with two other zones projecting to the SV (Yamarnoto and Shimoyama, 1977) . The most rostral zone projects to the MV. The axons of these Purkinje cells collect in four bundles that correspond to the white matter compartments FC1-4, delineated in previous studies (Tan et al., 1995a) . Anterograde WGA-HRP tracing combined with AChE histochem- with an injection site in FZTr and labeled fibers in FC2. E, F: K 370 with an injection site in FZI1, (see Fig. 8A ) and laheled fibers in FC3. White arrowheads indicate position of blood vcssels to facilitate the comparison of thc darkficld and AChE-stained sections; 1-3 indicate compartments FC1+ The scale bar in E also applies to the other panels.
istry demonstrated that Purkinje cells of the floccular zones project to specific parts of the vestibular complex (Fig. 15) . 
The retrograde and anterograde axonal tracing methods used in this study
Two methods have been used in this study to trace the efferent pathways and connections of the flocculus: retrograde axonal transport of HRP injected in the vestibular nuclei and anterograde axonal transport of WGA-HRP injected in the flocculus.
Retrograde filling with HRP of Purkinje cells and their axons, demonstrated with DAB as a substrate, has been used before to map the corticonuclear and corticovestibular projections (Voogd and Bigare, 1980; Voogd, 1989; Voogd et a]., 1987) . Anterograde transport in vestibulo-cerebellar mossy fibers, which would have hindered the identification of labeled axons as belonging to the retrogradely labeled Purkinje cells, was never observed in the previous or in the present experiments. WGA-HRP demonstrated with TMB is a more sensitive method. Moreover, WGA-HRP is transported both anterogradely and retrogradely (Lechan et al., 1981; Trojanowski et al., 1981) . The injections with very small amounts of WGA-HRP in the cortex of the flocculus, used for anterograde tracing of the Purkinje cell axons, also caused retrograde labeling of neurons bilaterally in the vestibular nuclei and in the contralateral inferior olive. This raises the question of whether some of the axonal labeling observed in our experiments could have been due to retrograde transport in the axons of these labeled cells. This is unlikely because few, if any, axons of these cells were retrogradely labeled in these cases. Labeled olivocerebellar axons were not observed in the olivary decussation or the restiform body, and no labeled fibers could be traced from labeled cells in the contralateral vestibular nuclei to the flocculus. Moreover, the distribution of labeled Purkinje cell axons in the ipsilateral vestibular nuclei varies systematically with the localization of the injection site, whereas the distribution of retrogradely labeled cells in the vestibular nuclei remained roughly the same in all experiments (see Sat0 et al., 1983; Magras and Voogd, 1985; and Thunnissen, 1990 for other experiments showing lack of zonal differentiation in terminations of secondary vestibulocerebellar mossy fibers). Anterograde transport of WGA-HRP can, therefore, be used to study the distribution of Purkinje cell axons.
Zonal organization of Purkinje cells projecting to the medial and superior vestibular nuclei and group y
The overall distribution of the floccular Purkinje cell axons is similar to earlier reports on the rabbit (Epema, 1990 ) and other species (Voogd, 1964; Angaut and Brodal, 1967, cat; Haines, 1977, Galago; Langer et al., 1985 , macaque monkey). Epema (1990) noticed the two routes followed by these fibers. One runs ventrally through the floccular peduncle, between the Lpc and the restiform body. Some of its fibers proceed, dorsal to the LV, to Lowy's bundle near the lateral corner of the fourth ventricle. The second route consists of arciform fibers curving dorsally and caudally through the lateral cerebellar and the anterior interposed nuclei. Medial to the Lpc and lateral to the LV they rejoin the fibers of the floccular peduncle. Arciform fibers passing through the lateral cerebellar nucleus were also observed in cat and Galago, but not in macaque monkey (Langer et al., 1985) .
Judging from the localization o f t h e injection sites, the distribution of the labeled Purkinje cell axons over the white matter compartments, and the retrograde labeling in the inferior olive, most of the injections of WGA-HRP in the cerebellar cortex were focused on a single floccular zone, although encroachment into neighboring zones did occur in some experiments. With respect to the zonal organization of the projections from the flocculus, our experiments with retrograde labeling of HRP show that Purkinje cell axons of FZII and FZN, contained in compartments FC2 and FC4, project to the MY, whereas those from FZI and FZIII, located in FC1 and FC3, project to the SV. These experiments confirm and extend the observations of Yamamoto and Shimoyana (1977) in the rabbit, especially with respect to the presence of a medial FZIv zone and a corresponding FC4 compartment projecting to the M V . Fibers from FZT and FZli travel along both the ventral route through the floccular peduncle and dorsal group y, and the dorsal route, curving through the lateral and anterior interposed cerebellar nuclei and the Lpc. Fibers from F Z~I J pass exclusively through the Roccular peduncle. Within the vestibular nuclei labeled fibers avoid the lateral vestibular nucleus. On their way to the MV they either pass lateral to the LV and through the DV, or through Lowy's bundle.
Terminations in regions traversed by labeled fibers (such as group y, the Lpc, the lateral and anterior interposed cerebellar nuclei, and the DV) were difficult to establish with certainty. In cases with injections of FZ1 and FZIII labeled fibers ramified among the cells of dorsal group y, but no such ramifications were seen with injections of FZII. A few labeled fibers extend into PH in cases with injections of F Z I~ and FZIII. Projections to the dorsal cochlear nucleus, previously found by Epema (19901, were observed in some, but not all experiments with injections of FZ1-111. Our et al. (1992, 1994b) , who traced axons from individual Purkinje cells of the rabbit flocculus with biocytin. They found projections from Purkinje cells of FZI and FZIII to the SV, and from FZll to the parvicellular and magnocellular parts of MV. Tn addition, they observed terminals from FZT and FZIII Purkinje cell s o n s in group y, and for FZI also in the Lpc. FZ11 did not project to group y or the lateral cerebellar nucleus.
Our findings are in fair agreement with the studies of Yamamoto (1978) , Balaban et al. (1981) , and Sato et al. (1982a,b) . Our zones FZll and FZIII correspond to the middle and rostral zones of the flocculus of the cat (Sat0 et al., 1982a) and the monkey (Balaban et al., 19811 , which also project to the MV and SV, respectively. By the absence of a projection to SV, the caudal zone of the cat flocculus differs from the FZI zone of the rabbit (Sato et al., 1982b) . It is still possible that zones equivalent to FZ1 and Ca exist in the caudal cat flocculus, and that the injections of the lateral cerebellar nucleus and group y labeled fibers of passage of FZI and C2 on their way to the SV and the posterior interposed nucleus, respectively. A caudal zone that projects to the SV and corresponds to FZ, was found in the monkey (nalaban et al., 1981) .
Correspondence of corticovestibular zones
with climbing fiber zones in the rabbit fl 0 c c u 1 us
The zonal pattern described in the present study corresponds well with the zonation of climbing fibers demonstrated with anterograde WGA-HRP tracing in rabbit (Tan et al., 1995b) and Phaseolus uulgaris-leucoagglutin transport in the rat (Ruigrok et al., 1992) and the autoradiographic study of Gerrits and Voogd (1982) in the cat. In a previous paper, we compared the climbing fiber projection to the flocculus with the compartmentation in adjacent AChE-stained sections as a reference (Tan et al., 1995103. We found close correlations between particular subsets of olivary neurons and certain white matter compartments. The cdc projected through compartments FC2 and FC4 to floccular zones FZII and FZlv, while rdcivlo neurons projected through compartments FCI and FCa to FZI and FZIII. Our observations on retrograde labeling of cells of the dorsal cap and the ventrolateral outgrowth in experiments with small injections of individual floccular zones generally support this conclusion (Fig. 14) .
Functional considerations
The vestibular nuclei contain excitatory and inhibitory relay neurons for the vestibulo-ocular reflexes that convey input from the semicircular canals (Ito et al., 1973) . Purkinje cells of the flocculus innervate horizontal and anterior canal relay cells, but they do not terminate on relay cells of the posterior canal (Ito et al., 1973 (Ito et al., , 1982a . Fibers from FZI and FZiII terminate mainly in the dorsolateral, central, and caudal parts of the SV and in dorsal group y (De Zeeuw et al., 1992 , 1994b this paper) . Inhibitory anterior canal relay cells that innervate inferior rectus and superior oblique motoneurons of the ipsilateral oculomotor and trochlear nuclei through the medial longitudinal fascicle occupy the central part of the SV. Excitatory anterior canal relay cells that project through the brachium conjunctivuml to contralateral motoneurons innervating the superior rectus and the inferior oblique muscles are located in the dorsolateral SV. (Highstein, 1973; Ito et al., 1977; Yamamoto et al., 1978; Highstein and Reisine, 1979; Hirai and Uchino, 1984; Sat0 and Kawasaki, 1990b; LabandeiraGarcia et al., 1991) . Excitatory neurons with projections through the brachium conjunctivum to the contralateral IIId nucleus are also present in dorsal group y (Highstein, 1971 (Highstein, , 1973 Graybiel and Hartwieg, 1974; Hwang and Poon, 1975; Highstein and Reisine, 1979; Stanton, 1980; Carpenter and Cowie, 1985; Sat0 and Kawasaki, 1987; Labandeira-Garcia et al., 1991) . Experiments in the cat showed that dorsal group y cells differ from the anterior canal relay cells in the SV because the former receive an excitatory polysynaptic nerve VIII input, presumably from the saccular nerve (Hwang and Poon, 1975; Sat0 and Kawasaki, 1987) . According to Sat0 et al. (1982a Sat0 et al. ( ,b, 1984 and Sat0 and Kawasaki (1987, 1990b) , floccular target cells in dorsal group y and the SV of the cat receive their input from different Purkinje cell zones. In the rabbit, however, both FZI and FZIII project to the SV and to dorsal group y (De Zeeuw et al., 1992 , 1994b this paper) . Projections to the parvicellular part of the lateral cerebellar nucleus were traced from the caudal zone of the flocculus of the cat (Sato et al., 1982b) and the FZI zone of the rabbit flocculus (De Zeeuw et al., 1992 , 1994b . In the rabbit this subnucleus gives rise to a gamma-aminobutyric acid (GABAIergic projection to the ventrolateral outgrowth and the rostral dorsal cap (De Zeeuw et al., 1994a) , which are the sources of the olivocerebellar projection to FZI. A projection corresponding to the projection of the primate flocculus to scattered cells located ventral to the dentate and posterior interposed nuclei (basal interstitial nucleus; Langer, 1985) was not observed in the rabbit.
The heaviest projection of FZII is found in the parvicellular M V dorsomedial to the dorsal acoustic stria and among the larger cells of MV ventrolateral to this bundle. Fewer fibers terminate in the most rostral part of M V , which is ventral to SV, and in caudal parts of the MV. No fibers were traced to the LV or to the interstitial nucleus of the vestibular nerve. Of the vestibulo-ocular relay cells located in the MV, only horizontal canal cells receive inhibitory projections from the flocculus (It0 et al., 1973 (It0 et al., , 1977 . Kawaguchi (1985) distinguished medial and lateral groups of horizontal canal relay cells that received inhibition from the flocculus in the rabbit. The medial group was located 'Hirai and Uchino (1984) and Sat0 and Kawasaki (1987, 199Ob ) made a distinction in the cat between the hrachium conjunctivum and the pathway [the crossing ventral tegmental tract (CVTT) of Sat0 and Kawasaki (1987)l followed hy the ascending axons of anterior canal relay cells of the dorsal SV and floccular target cells of dorsal groupy. These axons collect ventral to the lateral part of the brachium conjunctivum, arch through the lateral tegmentum medial to the lateral lemniscus, and decussate dorsal to the interpeduncular nucleus. This route corresponds to that of the fibers from the ventral part of the dentate nucleus of the cat that are located in the lateral pole of the hrachium cnnjunctivum and decussate in the ventral part of the decussation of the hrachium conjunctiwm (Voogd, 1964) . There is no reason, therefore, to distinguish the CVTT as a separate pathway. Fig. 9 . a-j: Drawings of labeled fibers and neurons in transverse sections through the flocculus and brainstem in case K 244 with an injection in FZI. Note the location of efferent fibers in FC1. Fibers follow two routes, one through thc floccular peduncle and group y and the medial to the dorsal acoustic stria, and the lateral group was located in the ventrolateral part of the lateral vestibular nucleus (i.e,, in the magnocellular part of M V in our terminology). Cells of both groups projected to the ipsilatera1 medial rectus subdivision of the oculomotor nucleus, but, in addition, the medial group contained cells that, presumably, projected to the ipsilateral abducens nucleus. These latter cells likely correspond to the inhibitory neurons intercalated in the inhibitory vestibulo-ocular pathway to the ipsilateral abducens nucleus (Highstein, 1973; Ito et al., 1977 , see also Sato et al., 1988; Sato and Kawasaki, 1991) . The projection of the flocculus extends other passing more dorsally through the lateral and anterior interposed cerebellar nuclei. Fibers terminate mainly in the SV. The injection site is indicated in black. Dots represent retrogradely labeled neurons.
beyond the dorsal acoustic stria into caudal MV and DV and, therefore, may include neurons with other connections than the oculomotor nuclei (see also Epema, 1990) .
The efferent flocculo-vestibular nucleus projection is part of the neuronal circuitry that forms the basis of oculomotor control (Ito et al., 1973) . Through these connections Purkinje cells in the flocculus can inhibit the activity of vestibular neurons (Highstein, 1971; Baker et al., 1972; Fukuda et al., 1972; Ito et al., 1977 ). An imbalance of vestibular discharge activities would result in eye muscle activity. Indeed, local electrical stimulation in the flocculus elicits eye movements (Ron and Robinson, 1973; Dufosse et , 1977; Sat0 and Kawasaki, 1984, 1990a,b; Nagao et al., 1985; Belknap and Noda, 1987) . Some of these studies indicated that a particular type of eye movement could only be elicited by stimulating within a confined area of the flocculus Kawasaki, 1984, 1990a,b; Nagao et al., 1985) . Recent studies (Van der Steen et al., 1991 , 1994 Simpson et al., 1992) demonstrated that optimum responses were obtained by stimulating the white matter of (Fig. 9) . Same conventions as in Figure 9 . the flocculus. They verified the stimulation sites histologically, compared them with the AChE compartmentation, and found that from three of the five white matter compartments (compartments FC1, FC2, and FC3) specific classes of short-latency eye movements could be elicited. The relatively small size of compartments C2 and FC4 made it difficult to be sure that the stimulation was confined to them, and no conclusion was reached about their relation to Zeeuw et al. (1992 Zeeuw et al. ( , 1994b . eye movements. Stimulation in compartments FC1 and FC3 resulted in conjugate eye movements around particular axes in the horizontal plane; the ipsilateral (left) eye moved counterclockwise around an axis at about 135" to the midsagittal plane, whereas the contralateral (right) eye moved clockwise around an axis at about 45" to the midsagittal plane. These compartments flanked compartment FC2, in which electrical stimulation resulted in horizontal eye movements (i.e., rotation around the vertical axis) toward the stimulated side. The results of the present study and those of Van der Steen et al. (1994) indicate that each floccular zone controls the activity of specific extraocular muscle pairs through the compartmentalized flocculovestibular nucleus projection to specific vestibulo-ocular relay neurons.
